The magnitude mbLg 5.0 Mont-Laurier earthquake of 1990 October 19, in Quebec, Canada, was one of the largest to have occurred in eastern North America during the past decade. High-frequency ground motions recorded on regional network instruments exceeded values anticipated for an event of its size by a factor of 3. A commonly favoured explanation for the discrepancy is that the source was a rare 'high-stress' event.
INTRODUCTION
The problem of reliable estimation of earthquake hazard in eastern North America (ENA) is confounded by the fact that although the potential for large and catastrophic earthquakes exists, such earthquakes occur only rarely. Consequently, there is a severe shortage of high-quality digital data upon which to base estimates of seismic hazard for the region. Until such data started to become available in the 1980s, regional seismograms from large and even moderately large events were invariably severely clipped: they were therefore practically useless for the analysis of source spectra and strong ground motions at short and moderate distances. For this reason methods and results that had become established in western North America (chiefly California) were transported to the east. While this approach was entirely reasonable as a trial approximation, it was (and remains) clearly important to test the reliability of such results against data from moderate and large eastern events whenever they occur.
Current hazard maps for ENA are based on the stochastic method for estimating ground motion (Atkinson 1984; Boore & Atkinson 1987; Tor0 & McGuire 1987; Atkinson & Boore 1995) . In this method, strong ground motion wavetrains are modelled as stationary random signals with estimated signal 1 0 1997 Government of Canada durations and estimated amplitude spectra at each particular propagation distance. The method involves many assumptions (see e.g. Boore & Atkinson 1987; Tor0 & McGuire 1987; Atkinson & Boore 1995) , and the values of the various parameters involved need to be determined (calibrated) to fit pertinent data. The first real test of the reliability of the method for practical hazard estimation came with the occurrence of the mbLg 6.5 Saguenay earthquake of 1988 November 25. Although predicted results were reasonably satisfactory for low frequencies (i.e. below 1 Hz), observed ground motions exceeded predictions by an order of magnitude (corresponding to about three standard deviations in the Boore & Atkinson 1987 relations) for high frequencies (i.e. above about 3 Hz; see e.g. Hough, Seeber & Jacob 1991) . These observational results cast severe doubts on the reliability of the method for extrapolating results from the small events, for which the method had been calibrated, to the large ones that determine the regional hazard.
In a subsequent analysis of the Saguenay observations, Boore & Atkinson ( 1992) showed that with the then-usual assumption of a standard Brune (1970 Brune ( , 1971 ) u3' source model, an exceedingly high stress drop (ca. 500 bars), about five times 'normal', was required to satisfy the high-frequency observations. Because of its role in determining the average levels of high-frequency ground motions produced, the issue of the 'stress parameter' has subsequently become a crucial one for ENA seismic hazard estimation. Most recently, Hartzell, Langer & Mendoza (1994) have supported Boore & Atkinson's (1992) high stress drop conclusion for the Saguenay earthquake by obtaining an exceptionally high stress drop (about 1000 bars) inside part of the inferred rupture area, using a waveform inversion method applied to the available strongmotion and broad-band teleseismic data. Atkinson ( 1993) has concluded, however, that only a small proportion of eastern Canadian earthquakes (about 20 per cent ) involve stress drops significantly higher than 150 bars. Importantly, the two largest earthquakes to have occurred in eastern Canada during the past decade, namely the m h L g 6.5 Saguenay event of 1988 and the mhLg 5.0 Mont-Laurier event of 1990 (for which Atkinson inferred a stress parameter of 517 bars) both fall into the latter category. Such conclusions require careful scrutiny because, if accepted, they would result in severely underweighting the most reliable strong ground motion and regional data that are available for ENA.
In this paper the source rupture characteristics of the MontLaurier earthquake are modelled in detail. In our view the methods we describe below using regional data are likely to have wide application for analysis of source rupture characteristics for many (if not most) small intraplate earthquakes (3.5 < M < 6). In order to practically eliminate the effects of propagation uncertainties we apply a spectral ratio method (see e.g. Berckhemer 1962; Aki 1967; Tsujiura 1973; Chael 1987) . With this method, as elaborated by Haddon (1996a) , to the extent that fault-plane mechanisms for the main shock and selected aftershocks are nearly the same, wave-propagation effects practically cancel in the spectral ratios (main shock over aftershock) at each individual recording station. For frequencies below the corner frequencies of the aftershocks (where the spectral amplitudes of the latter are practically flat), the shapes of the efective source spectra for the main shock (as functions of azimuth) are therefore practically the same as the shapes of the spectral ratios. By this means, distinct variations in source spectral shape of the main shock as a function of radiation direction (i.e. directivity effects) are clearly revealed. As in the case of the 1988 Saguenay earthquake (Haddon 1995 (Haddon , 1996a , the directivity effects in question will be shown to be fully consistent with classical (Kostrov 1964; Madariaga 1976) rupture models, albeit involving multiple distinct rupture episodes. Table 1 contains hypocentral and magnitude information for the nine Mont-Laurier earthquakes used in our study. All useful vertical-component Lg seismograms recorded by the Eastern Canadian Telemetered Network (ECTN), the Sudbury Local Telemetered Network (SLTN) and the Charlevoix Local Telemetered Network (CLTN) have been used, making a total of 20 contributing stations. The locations of the epicentre and recording stations are shown in Fig. 1 . The sampling rates for ECTN, SLTN and CLTN stations are 60, 60 and 80 Hz, respectively. In the case of the main shock (MS), two peaks of the recorded velocity seismogram at station GRQ and a few at OTT were slightly clipped. These clipped intervals were replaced by interpolation using fifth-order polynomials fitted to three sampling points on either side of the two clipped intervals.
DATA

Spectral ratios
As discussed by Haddon ( 1996a), individual Lg seismograms and their spectra are generally strongly affected by transmission losses (reflection and scattering losses and anelastic A n a t o m y of u small intraplate earthquake 231 attenuation, Q) and sometimes by receiver structure. For pairs of earthquakes having nearly the same hypocentres and focal mechanisms, the path and receiver effects for corresponding arrivals are practically identical (for each frequency), resulting in their nearly complete cancellation in the spectral ratios. For c a w in which the denominator event is sufficiently small, displacement spectral amplitudes are expected to be practically flat for all frequencies a factor of 2 (or so) below the lower corner frequency of the source and above frequencies contributing significantly to the Rg phase. The source spectra of the larger event are thus expected to be simple multiples of the spectral ratios throughout the above frequency ranges. Spectral ratios were obtained by simple division of (slightly) smoothed spectra at each frequency. The smoothed spectra were computed by taking the absolute values of the fast Fourier transforms of intervals of the seismograms (of durations 68.25 or 51.2 s) with the S-wave or Lg arrivals located more or less at their midpoints and then smoothing by rms averaging over successive logarithmic frequency intervals of 0.04 units. In a few cases, for which the numerator and denominator spectra were recorded on different instruments, appropriate instrumental response corrections were applied. (Such corrections are, of course, unnecessary when the same instrument is involved, because the corrections then cancel.) Fig. 2 shows 16 (out of the complete set of 20) spectral ratios involving the amplitude spectra of the MS (event 1 in Table 1 In Fig. 3 , the dashed lines now show group-average spectral ratios for four or five different groups of stations within selected azimuthal ranges (chosen solely on the basis of agreement between the spectral ratios contained therein). Of great importance, the agreement between each of the individual spectral ratios and its associated group average shows an exceedingly high degree of consistency (indeed, practically 'line-thickness' consistency), despite the considerable ranges of distance and azimuth of the stations in each group. Thus, the spectral ratios are indeed practically independent of path and receiver effects and, consequently, the ratios depend only on the radiation characteristics of the pairs of sources involved. (Table I) , and the second indicates that the averages refer to single groupings (in this figure) for each event pair. The ratios have been scaled by factors 10(N-2)/2 for N 2 3 in order to space out the individual curves. (In the case of stations OTT and WEO, for example, although propagation distances differ by a factor of 3, the spectral ratios are practically identical for all frequencies for which signal-tonoise ratios in the denominator events are suitably large, i.e.
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2 < f < 20 Hz.) Fig. 4 superposes the four group-average spectral ratios, for the main shock with respect to the first aftershock, from Fig. 3 . (Similar results apply for all of the other MS/AS pairs.) It is particularly notable that: (1) the group average ratio for stations to the southeast (group 2) has a sharp corner frequency near 4 Hz; (2) group 4, having westerly azimuths, has a (low) corner frequency near 1 Hz, or less; (3) the groupaverage ratios vary systematically with azimuth; and (4), as in the case of similar spectral ratios for the Saguenay MS with respect to its foreshock (see Haddon 1996b, Fig. 4) , the systematic differences in spectral ratio with azimuth persist to frequencies of 10 Hz or higher. In the following sections we shall demonstrate that all of these spectral characteristics may be fully explained as simple consequences of source rupture directivity effects.
Fault plane solutions
The fault-plane solution used for all theoretical modelling results to be given is 305", 50" and 95", for strike, dip and rake, respectively. This solution has been derived by fitting polarities and relative amplitudes of direct S and (several) reflected S-wave arrivals, using a frequency-wavenumber modelling method. Examples of such fits are shown in Fig. 6 , and in Figs 7 and 8 of Haddon (1996a) . Moderate changes to the fault-plane solution assumed would not affect any of the results and conclusions to be given. Detailed comparisons of waveforms from the MS and the first four aftershocks (EV2-5) indicate that their fault planes must be practically identical (see e.g. Figs 6, 14 and 15), and it suffices to restrict consideration to these four in the remainder of the paper.
Modelling method
The results and conclusions to be derived are based mainly on forward modelling of the sets of spectral ratios discussed above, along with pertinent waveform data. (It should be noted here that although the use of spectral ratio data alone can provide strong constraints on overall directivity characteristics of complex ruptures, such ratios do not, of course, contain any phase information. Use of waveform data is therefore necessary in order to constrain the relative location and timing of each particular rupture episode involved.) Our procedure generally involves: (1) postulation of appropriate source slip models; (2) computation of radiation spectra for such models for radiation directions contributing significantly to the recorded seismograms; (3) appropriately combining the spectral contributions from the different radiation directions to obtain resultant (or effective) synthetic amplitude spectra corresponding to the recorded seismograms; (4) taking the spectral ratios of the synthetic spectra; and ( 5 ) iteratively v, = 0.9/l), j3 is the S-wave speed, t is the elapsed time following onset of slip at the point, and t d is the slip duration, given by td=2dmi,/vr [or in case (b) above the lesser of this value or some assigned maximum value] where dmin is the least distance from the point to the final fault boundary. For cases in which the rupture is circular, the slip starts at the centre, and the slip durations are defined by (a) above, the slip closely approximates that of the exact elastodynamic solution for a circular crack that stops (Madariaga 1976) , and it gives directionally averaged source spectra approximating the Brune (1970) complete stress-drop source spectrum for the same radius and stress drop (see Haddon 1996b) .
Far-field waveforms have been obtained for each required radiation direction by integrating the slip over each modifying the postulated source models in (l), as required to fit displacement waveforms and the spectral ratios of the data.
Steps 1 to 5 above involve precisely the same assumptions and computation procedures as described in Haddon (1996a) . Summarizing for the reader's convenience, unless stated otherwise it is assumed that all rupture areas in the model are elliptical (including circular as a special case). A simple source consists of one such area; complex sources are assumed to consist of two or more such areas. Each such area is defined with respect to its hypocentre as origin by
where a, b, c and d are constants, and where the x-axis of the ellipse is rotated with respect to the slip direction in the slip coordinate system defined in Aki & Richards (1980, p. 808) , by the angle x.
Inside each individual fault region it is assumed that: (1) the slip is unidirectional; (2) the rupture begins at a single point (the hypocentre); (3) after initiation, the crack tip propagates at constant speed u, (so that at any instant after starting the crack tip is circular with radius r); (4) the slip is determined at all points inside the rupture area (or subareas) by the selfsimilar elastodynamic solution for a growing circular crack (Day's 1982 Eq. 3) until slip ceases; and ( 5 ) the duration td of slipping at each point is assumed to be either: (a) twice the distance to the nearest point on the final fault boundary divided by the crack rupture speed; or (b) the lesser of the values defined by (a) and some assigned maximum slip-time value [corresponding to circumstances described by Brune (1970) as fractional stress drop].
Specifically, the slip in (4) above is defined by
for O l t l t d , where AT, is the effective (shear) stress, p is the rigidity, C is a constant (0.81 for a Poisson's ratio of 0.25 and With regard to step 3 above, consider two earthquakes (i= 1,2) that have nearly identical focal mechanisms and hypocentres. At any particular receiver, the complete seismograms, f;(t), consist of the sums of direct and multiply reflected body-wave phases inside the crust. The same number of body-wave phases is involved in each seismogram and each phase in one corresponds with a phase having an identical path (and identical traveltime) in the other. On the assumption that the individual body-wave pulses do not overlap in time (or that their phases generally differ incoherently), the spectral amplitudes of the complete seismograms are given by the square roots of the sum of squares of the spectral amplitudes of the individual body waves in each seismogram (by Parseval's theorem). Ideally, the spectral amplitudes of all contributing body waves should be included but, because of the complexity and lack of knowledge of crustal structure, this will seldom be practicable. As discussed by Haddon (1996a) , however, the spectral ratios of corresponding Lg seismograms can be reasonably well approximated in the circumstances assumed by (3) (Haddon 1996a, eq. 16) , where M1 and M2 are the seismic moments, IA'I and 1 3 1 and IA"I and 1B"l are the spectral amplitudes of suitably representative pulse waveforms for the MS and AS contributions to the Lg waveforms departing the source with upward-(U) and downward-inclined (D) takeoff angles from the source, and R, and & are associated representative SV-wave radiation intensity factors.
As discussed by Haddon (1996a) , the directivity characteristics of the source determine the relative importance of the U and D contributions above the corner frequencies for each particular azimuth. Of the highest importance in identifying the relative importance of U and D contributions in observed Lg spectra is the fact that the slopes of the spectra of these two contributions may differ significantly over considerable ranges of frequency. The representative radiation directions for the U and D radiation have been taken as 105" and 65" (measured from the downward vertical) in all of the theoretical results to be given. Changes of up to about 10" or 15" or so in either the fault-plane solution or the representative U and D directions assumed would not greatly affect any of the results or conclusions to be given.
SOME PRELIMINARY RESULTS
The spectral ratios in the first row of Fig. 5 show a comparison between a selection of the data spectral ratios given in Figs 2 and 3 and corresponding synthetic ratios for a classical circular crack rupture source model (Model OA, see Table 2 ). This model has a radius of 0.55 km and an effective stress of 100 bars. Its source seismic moment of 5.6X1Oz2 dyne-cm has been derived to fit the estimated value of (5.5f0.5)x1022 dyne-cm for the main shock given by Lamontagne et al. (1994) .
MODEL
Corresponding standard source models (AS1-4 in Table 2 ) have been used for calculating the spectra of the aftershocks involved in the synthetic spectral ratios. Their radii and stress drops have been derived such that the ratios of the seismic EEO GRQ Comparison between data and model spectral ratios for five source rupture models described in the text. Filled and open arrows generally highlight discrepancies between observed and model ratios, and improvements obtained by amending previous models, respectively. The five stations chosen adequately represent the full range of azimuths. The model spectral ratios were derived from U and D synthetic waveforms, except for station GRQ for which only U was used (see text). moments are consistent with corresponding ratios in the data for low frequencies. The magnitudes of the aftershocks are such that the lowest corner frequencies of their spectra generally exceed 20 Hz. Their spectral (displacement) amplitudes are therefore practically flat (cf. e.g. Figs 7 and 11) for lower frequencies. Apart from multiplicative scaling factors, the spectral amplitudes of the path-corrected main-shock seismograms are therefore approximately the same as the spectral ratios shown in Figs 2 and 3 for frequencies below 10 Hz (at least).
In Fig. 5 , and throughout the paper, comparisons between data and model results rely entirely on visual and carefully considered subjective judgements. Numerical goodness-of-fit criteria are not provided, because devising such measures involves precisely the same kind of judgements. Moreover, the objective functions required have to be exceedingly complicated if they are to weight appropriately the multiple features of fits or misfits that are physically important. Such features are usually obvious, however, when displayed as in Fig. 5 .
The comparison between observed and synthetic ratios in Fig. 5 shows that Model OA does not fit the data satisfactorily: for stations A61 and TRQ (as well as all other stations having azimuths in the range 62" to 171"), the corner frequencies of the synthetics are as much as a factor of 4 too low and their spectral ratios are also too low by a similar factor for frequencies above 2 Hz (highlighted in the figure by filled arrows). Similar discrepancies between observed and standard Brune model spectra led Atkinson (1993) to conclude that the Mont-Laurier main shock was an abnormal 'high-stress' event.
The results in the second row of Fig. 5 show a similar comparison between data and synthetics for a second circular source model (Model OB, see Table 2 ), this one having an effective stress of 1000 bars (i.e. a factor of about 10 times 'normal') and a radius of 0.26 km (giving the same seismic moment as for Model OA). Although the fit between data and synthetics is now satisfactory for station A61 (highlighted by open arrows), the synthetic spectral ratios for stations OTT, EEO and GRQ (and others) are factors of 3 or more too high for frequencies near 4 Hz (filled arrows), and their corner frequencies are also far too high.
It is concluded from these and similar results for other models that no circular crack model can adequately fit the spectral ratio data for any assumed values of radius and stress drop.
DERIVATION OF A N IMPROVED FAULT-SLIP MODEL
The systematic misfits between the data and synthetics for the above circular models, and the systematic variations in spectral ratios with azimuth shown in Fig. 4 , evidently result predominantly from azimuthal variation of the seismic radiation from the main shock alone. Elementary relationships between pulse characteristics and their amplitude spectra indicate that overall pulse durations are approximately 1/(2xfC), where fc denotes the (lower) corner frequency of the pulse amplitude spectra (see e.g. Haddon 1995, Fig. 10 ). The observed corner frequencies near 4.0 and 1.0 Hz for stations having southeasterly and westerly azimuths, respectively, therefore imply that the durations of the (dominant) contributing pulses emitted from the main shock source should be approximately 0.13 and 0.5 s for these two directions.
This conclusion is fully confirmed by comparison of the displacement pulse waveforms observed at stations TRQ and GRQ, given in Fig. 6 , for the main shock and several aftershocks. The duration of the direct S-wave displacement pulse for the main shock at station GRQ (whose azimuth is 306") is 0.6 s, consistent with the estimate based on the corner frequency above. In contrast, the duration at station TRQ (whose azimuth is 109') does not significantly exceed 0.15 s. In order to fit the spectra at the above two stations a source geometry producing the above durations for the two azimuthal directions is required.
A simple elliptical source model Fig. 7 shows theoretical pulse waveforms and their amplitude spectra at stations GRQ and TRQ for a simple elliptical source model-Model 1A (defined by Eqs 1 and 2 and the numerical parameters for region l a given in Table 3 ). The top row gives results for the representative U and D radiation directions: the source geometry and pertinent isochrons (Haddon & Buchen 1981; Spudich & Frazer 1984; Haddon 1995 Haddon , 1996a are shown in the top row as projections with respect to N and E (geographic) coordinates as viewed from above.
In the case of radiation in the U direction for station TRQ, for example, the innermost isochrons (corresponding to an arrival time 0.05 s after the pulse onsets at this station) include a major fraction of that part of the source region situated to the southeast of the hypocentre: the elements inside this region all start to contribute to the pulse waveform inside the first 0.05 s. Consequently, the pulse amplitude initially increases very rapidly from its onset until the time (approximately 0.025 s) at which the earliest isochron in the family touches the final fault boundary. No new elements start contributing to the pulse after the latest time at which an isochron intercepts the fault area (approximately 0.17 s); this therefore determines the approximate pulse duration for upward-departing pulses at this station.
In the case of station GRQ, the innermost isochrons first encounter the fault boundary at a point to the northwest of the hypocentre very shortly after the source origin time. Consequently, as in the case discussed above, the pulse amplitude initially increases very rapidly at first, before suddenly levelling off. The last isochron to intercept the fault boundary The full lines in the associated spectral plots give the relative corresponds to an isochronal time of about 0.6 s, so deterspectra for the U and D directions (including radiation pattern mining the approximate durations for upward-departing effects), and the dashed lines the combined spectra (assuming pulses at this station. Table 3 ). The top row shows vertical projections of the source with respect to N and E geographical coordinates, and isochrons for times of 0.05,0.1,0.2,0.4 and 0.6 s. (The Nand E axes represent 1.0 km.) The arrow from the origin is the projection of the slip vector. The second row shows theoretical far-field pulse waveforms (plotted to the same peak amplitude) for the representative U and D ray take-off directions. The full lines in the bottom row give relative far-field spectral amplitudes (in arbitrary units) for radiation in the U or D directions including radiation pattern effects and the dashed lines the square roots of the sums of the squares of the U and D spectra. Note the differences in pulse duration and associated differences in corner frequencies of the spectra at the two stations. (Note: because of the subcritical angle of incidence of the D radiation on lower-crustal boundaries, only the U radiation has been used in computing the model spectral ratios at GRQ.) The third row in Fig. 5 shows a comparison of synthetic spectral ratios for the above elliptical model (IA) with corresponding data. As well as adequately fitting the spectral data (for all frequencies between 1.0 and at least 10 Hz) for all azimuths between 60 and 180 degrees, the model also adequately fits the data in respect of the locations of the (lowermost) corner frequencies for all azimuths. It may be noted that, subject only to the assumption that the rupture speed is uniform throughout the fault, this fitting of the lower corner frequencies demands the strong asymmetrical source geometry assumed. The only escape from this conclusion would require strong azimuthal variability of rupture velocity, which we consider improbable.
Although fully satisfactory as a low-frequency model, the simple elliptical model (Model 1A) is seriously inadequate in respect of its fit with observational spectral ratios for frequencies above about 2 Hz, with discrepancies reaching as much as an order of magnitude for frequencies greater than about 5 Hz for some azimuths (highlighted by filled arrows). Reduction of these discrepancies requires some complexity to be introduced.
EVIDENCE FOR COMPLEX RUPTURE
Although seismic scattering and small-scale stochastic variability of rupture velocity and slip have major effects on directivity at high frequencies (see e.g. Herrero , from our experience, both with the present data (see e.g. Figs 3 and 4) , as well as with several other ENA earthquakes (see e.g. Fig. 4 in Haddon 1996a), we have found that strong directivity effects generally persist, and are unambiguously identifiable in spectral ratio data, for frequencies up to at least 10 Hz. We conclude that, although scattering and small-scale stochastic rupture effects undoubtably diminish and eventually overcome directivity effects for high frequencies, such effects are totally inadequate to explain not only the deficit of high-frequency spectral amplitudes for frequencies between 2 and 10 Hz in Model lA, but also the following important features of the data: (1) the location and frequency characteristics of the peak amplitude in velocity and displacement waveforms for station GRQ at the back ends of the waveforms (see e.g . Fig. 6) ; ( 2 ) the arrival times of certain high-frequency arrivals at station OTT (to be illustrated below); and (3) the sharp increase in gradient of the GRQ displacement waveform pulse at about 0.15 s after the pulse onset (at the arrow labelled A in Fig. 6 ). Scattering and stochastic rupture variability effects will therefore be neglected in the remainder of the paper.
Evidence for a second distinct rupture episode
From the waveforms shown for station GRQ in Fig. 7 , it is obvious that the high-frequency spectral amplitudes in the simple elliptical model 1A are almost entirely determined by the abrupt rise in amplitude at the front end of the pulse. The observational data for the main-shock velocity seismogram in Fig. 6 suggests, however, that the main contributions to the high-frequency spectral amplitudes come from the back rather than the front end. This is shown explicitly in Fig. 8 , in which the observed velocity seismogram has been decomposed into three parts consisting of contributions from the front end, the back end and residuals (i.e. everything else). The results show that the ratio of the spectral amplitude contributions from the back end to those from the front end (bla) exceeds unity for all frequencies above 4 Hz. [They also show the residual contributions are larger than those from both ends for frequencies above 7 Hz, indicating that scattering effects associated with the two ends are probably responsible for the residual. Because of the dominance of the spectral contributions from the back end, we conclude that most of the energy in the residual probably originates from the back end as well. The relevance of this conclusion is that due allowance needs to be made for highfrequency scattering losses from the observed waveform when modelling the waveform at GRQ (though not for the spectra, which, of course, include scattered energy as well as the end contributions)].
Consideration of possible high-stress-drop asperities
The fractional area of the waveform associated with the 'backend pulse' of the displacement waveform at GRQ (Fig. 6) is evidently of the order of about 10-20 per cent of the area of the entire displacement waveform. It follows that a similar fraction of the total seismic moment release of the source must be responsible for this late-arriving contribution (Aki & Richards 1980, p. 803) . Also, assuming the rupture to propagate in directions away from the initial area of rupture, the relatively short duration of the latter (as compared with the duration of the entire pulse), together with the isochronal geometry, places strong constraints on the spatial extent, as well as the relative location, of the source slip region responsible. Essentially, only the following two possibilities exist: either (1) the slip region producing the late contribution must involve rupture propagation (mainly) in the direction more or less towards the northwest (in which case the ischronal geometry ensures that the pulse duration of the late (Fig. 61 , separated from one another by multiplication by the cosine-tapered envelope functions shown superposed on the top trace. The spectral ratios are ratios with respect to the spectral amplitudes of an interval of the complete velocity trace (of duration 68.3 s) containing all significant contributions to the record at this station, The ratios labelled a and b refer to the isolated trace contributions labelled in the same way; c is the spectral ratio of the residual (i.e. after extracting a and b); S is the square root of the sum of squares of a , h, and c (which is nearly unity, as expected); bia gives the spectral ratio of ( I to b. contribution would be short at GRQ, even for a quite extensive rupture area); or (2) the source area responsible must be very small compared with the main rupture area (because of the closeness of the spacing of the isochrons for areas located in other directions).
The latter possibility has been examined by adding a second rupture region near the southeastern end of Model 1A (consistent with the observed arrival time of the later arriving pulse), resulting in Model 2A (consisting of regions l a and 2a in Table 3 ). It was found that an exceedingly high stress drop (of about 2000 bars) inside a small area (of approximately 0.02 km2) is required in order to fit the observed highfrequency spectral amplitudes for stations having southerly to northwesterly azimuths, and the observed amplitude and duration of the late arrival at GRQ. The fatal defect of this, as well as all other such models, however, is that the highfrequency seismic radiation from such small high-stress-drop asperities is inevitably relatively isotropic for frequencies up to at least 10 Hz, resulting in serious misfits with the spectral ratio data for all stations having northeasterly to southerly azimuths (see for example the results in the fourth row of Fig. 5 ). In particular, whereas the data spectral ratios fall off with a slope of about -2 (in the log-log plots), the model ratios are practically level (i.e. have zero slopes) for all frequencies above about 6 Hz at these stations (filled arrows). It is notable that, were the reverse to have been the case (that is if the model ratios were to have had a slope of -2 and the duta ratios had levelled out), then the discrepancy might possibly have been explained as resulting either (1) from breakdown of directivity (as a consequence of seismic scattering and smallscale stochastic variability of slip in the real earth), or (2) from the fall-off of spectral amplitudes above the corner frequencies of the denominator events involved in the spectral ratios. Such explanations are, of course, not applicable to the actual results, and we have been unable to find any explanation that would reconcile such conjectured high-stress-drop asperities with the data. We therefore conclude that the data appear to rule out decisively any such (conjectured) high-stress-drop asperity models.
Evidence for a second normal-stress-drop rupture episode
It will be clear from the discussion of Fig. 7 that the amplitude peak at the back end of the observed displacement waveform at station GRQ (Fig. 6 ) can be naturally explained as resulting from a second distinct rupture episode involving rupture propagating towards the northwest, as shown in Fig. 9 , for a Model 2B consisting of two separate rupture regions, la and 2b (Table 3) . Region la of this model is exactly the same as for Model 1A and the slip inside region 2b is defined in precisely the same way using the same effective stress (100 bars) and
, , / 0.6 s Figure 9 . Vertical projection of the two source regions for Models 2B and 2C and isochrons for representative U radiation for station GRQ. Other details are as for Fig. 7 . Because of the strong elongation of the isochrons towards the northwest, and the location of region 2, the contribution to the waveform at GRQ from this region has a very short duration (see Fig. 10 ).
the same origin (the assumption being that the rupture in the second region soon after starting essentially continues the original rupture process, albeit after a delay of 0.4 s-see Haddon 1995 ). It will be apparent that the important difference between introducing a high-stress-drop asperity and the above region 2b is that whereas the high-frequency radiation for the former is relatively isotropic, for the latter it has strong directivity characteristics, increasing high-frequency spectral levels for azimuths in the range from southerly to northwesterly, as required, without significantly increasing spectral levels for other azimuths. Fig. 10 shows the fit of the displacement waveform for Model 2B with the data for station GRQ, and the relative contributions to the high-frequency spectral amplitudes from the two rupture episodes. It should be noted that the relative timing of the rupture episodes la and l b (Table 3 ) has been determined so as to fit the waveform data at station GRQ, and that the amplitude of the pulse from region 2b has been reduced by a factor of 2 in the waveform comparison (but Comparison of observed and theoretical direct S-wave displacement waveform at station GRQ for Model 2B, and separation of spectral contributions from the front and back ends of the theoretical waveform. Other details are as in Fig. 8 .
not the spectra) to make an approximate allowance for the high-frequency residual (scattering losses from the ivaveform) that appear in the coda of the pulse (discussed with reference to Fig. 8, above) . The last row in Fig. 5 shows the fit between the data and synthetic spectral ratios for a slight variant of Model 2B (Model 2C consisting of regions l b and 2b in Table 3 ), in which the slip duration inside region l a of Model 2B has been terminated after 0.1 s. The termination in slip duration (it is 0.23 s at the centroid of region la in Model 2B) results in a minor reduction (from 4.6 to 4.0x1022 dyne-cm) in the seismic moment release for this region. Such circumstances correspond physically to Heaton's (1990) 'self-healing slip', and the case of fractional stress drop discussed by Brune (1970) , modelled by case 5(b) for eq. 1 in the discussion above. Although in the opinions of the Associate Editor and the two referees this small change may be an overinterpretation of the data, it is our opinion that the near 'line-thickness' consistency of the independent ratios in the data (Fig. 3) , and the improvement of fit with these data that the change affords, are not insignificant. The basis of our opinion is that the spectral ratios at each of the individual stations TRQ, SBQ, MNT and WBO in Fig. 3 (see also the group average in Fig. 4) are remarkably flat for frequencies below 4 Hz, and the corners of the independent ratios are consistently sharp and near frequency 4 Hz, at least for the ratios having the best signal-tonoise ratios available (i.e. those involving the larger aftershocks). In contrast, as shown for station TRQ (for example) in Fig. 11 , the spectral amplitudes for the original Model 2B are appreciably less flat below 4 Hz, and the corners are appreciably less sharp. The truncation in slip times involved in Model 2C results in the associated pulses having reduced durations and more uniform widths (Fig. 11) . This, in turn, results in flatter spectra below 4 Hz as well as sharper corners located near 4 Hz than for the unperturbed model 2B, thereby providing a distinctly improved fit with the data [for example, compare results at TRQ for Models 1A (filled arrow) and 2C (open arrow) in Fig. 51 . The same small change, moreover, combined with a third pulse contribution from an inferred third distinct rupture episode (to be discussed in the next section) also helps provide .an improved fit to the observed GRQ displacement waveform as compared with that shown in Fig. 10 , specifically in respect of the large increase in slope in the observed displacement waveform about 0.15 s after the pulse onset (see Fig. 10 ). The question of the significance, or otherwise, of the above truncation of slip time is, however, of relatively minor importance for this particular earthquake (though not for the Saguenay ,earthquake; see Haddon 1995) , and so the point will not be further examined here.
Evidence for a third distinct rupture episode
The results in the fifth row of Fig. 5 show that Model 2C adequately fits the spectral ratio data at all stations for which results are given, except OTT, for which the model ratios are a factor of about 2 too small for frequencies above 6 Hz. The same applies for station W E 0 (which has nearly the same azimuth). It is obvious from the consistency of the spectral ratio data at stations WBO, OTT and W E 0 (Fig. 3) that the above misfits are significant, and so the need arises to identify the probable cause. We have examined the possibility that small high-stress-drop asperities (located anywhere) might be Fig. 7 , except that the dashed and full lines refer to Models 2B and 2C, respectively (not combined spectra). Contributions to the waveforms from the individual regions 1 and 2 are labelled likewise. Truncation of slip at 0.1 s in region 1 of Model 2C results in both appreciably flatter spectra between 1 and 4 Hz, and sharper corner frequencies located near 4 Hz, giving a distinctly improved fit with the data at each of the individual stations in the second azimuthal group (Figs 3 and 4) . (The improvement of fit is indicated, for example, by comparing the results for Models 1A and 2C at station TRQ in Fig. 5.) responsible, using appropriate models, but found that such a possibility is again practically excluded by the effects of the postulated high-stress-drop asperities on both the pulse waveform at station GRQ (cf Fig. 10 ) and the spectral amplitudes at other stations (cf Model 2A in Fig. 5) . We have also examined and rejected the possibility that seismic scattering might be responsible [because, as discussed earlier, both the present and other data indicate that directivity effects are generally identifiable (in spite of scattering) to frequencies of at least 10 Hz]. We find, on the other hand, that three independent lines of evidence each indicate that a third distinct rupture episode is probably responsible, namely: (1) the observed slopes of the spectral ratio data for southerly located stations OTT and WEO; (2) certain observed arrival times of high-frequency energy at station OTT; and (3) the low-frequency shape of the displacement waveform observed at station GRQ. In the remainder of this section these three lines of evidence will be discussed in turn.
( I ) Slopes of spectral ratios Fig. 12 shows the isochrons, pulse waveforms and spectra for station OTT for a model (3A) consisting of the two rupture regions (lb and 2b) in Model 2C, above, together with a third postulated region 3a, which has been introduced to fit the spectral amplitudes at this station. The slip inside region 3a (Table 3) has been defined in the same manner as for regions la and 2b (using the same assumed effective stress of 100 bars and the same origin for r). The (relative) origin time for the rupture of region 3a has been chosen arbitrarily as 0.15 s, but will be amended shortly to fit certain observed arrival-time data. As was the case for stations TRQ and GRQ, discussed above, the isochrons for radiation in the upward (U) direction are highly elongated, but in this case towards the south. Consequently, the duration of the pulse contribution from region 3a at station OTT is relatively short (see figure) , and the high-frequency spectral amplitudes of Model 2C are sufficiently increased and the spectral ratio slope reduced, so as to adequately fit the data at this station (Fig. 13) . The small remaining misfit at W E 0 can be removed by making slight adjustments to the introduced region 3. [It may be noted in passing that the introduction of a fourth rupture region involving rupture propagation more or less towards the northwest could effectively remove the discrepancies between data and Model 3A for stations DAQ
OTT (184 deg Fig. 7) . Note that the introduction of rupture episode 3 increases spectral ratios for upgoing waves at 07T by about a factor of 3 for high frequencies.
Anatomy of a small intraplate earthquake Fit between Model 3B spectral ratios and the observed ratios in Fig. 3 . Note that the fit has been greatly improved at station OTT, as compared with those of Model 2C (Fig. 5) . It is also greatly improved at W E 0 and not adversely affected at any of the other stations.
and A64 (see Fig. 13 ). Because these two stations are at the end of the range of azimuths available, and the model in this respect is poorly constrained, we have not pursued such extensions.]
(2) Observed arrival times of high-frequency energy at OTT
The columns on the left in Figs 14 and 15 show bandpass filtered velocity seismograms for the MS and the aftershocks used in the spectral ratios above, together with a synthetic Green's function (GF) that has been derived to fit some of the more prominent arrivals in the data at station OTT. The GF refers to a simple three-layered model (for details, see Haddon & Adams 1996) , and the G F contains the direct and four distinct reflected S-wave arrivals labeled Sd,S and sSd,S ( j = 1,2). These result from the reflection of downward-and upwarddeparting radiation from the source at the same two discontinuities 4, in the latter case after first having been reflected at the free surface. The presence of several more distinct arrivals in the data than in the GFs (and particularly the double arrivals near 6 s) indicates the existence of at least two more crustal discontinuities for the path in question than contained in the model. The model suffices, however, to identify the probable take-off directions of the pulses arriving inside different intervals of the wave trains, and in this respect the results show that the main arrivals between 3.5 and 7.0 s are almost certainly of sSdS type, associated with upward (U) (rather than downward D) take-off directions at the source. Notwithstanding the considerable differences between the magnitudes of the five events involved (see Table l ), the observed low-frequency seismograms in Fig. 14 are remarkably similar, allowing the traces to be accurately aligned, and so providing a well-defined reference frame with respect to which (relative) arrival times of certain high-frequency arrivals in Fig. 15 can be compared. Whereas the observed low-pass filtered seismograms in Fig. 14 are practically identical, the associated high-pass filtered seismograms in Fig. 15 differ in that certain arrivals (labelled A, B, C and D) that are present in the main-shock seismogram are not present in the aftershocks. The arrivals in question appear to be related to corresponding arrivals in the aftershocks, but delayed by approximately 0.25 s. This, together with the fact that the arrivals are quite compact (that is, not greatly dispersed by scattering), suggests that the above differences between the MS and AS seismograms are likely to have resulted from spatial and temporal characteristics of the M S source, rather than from path effects.
The results in the second and third columns of Figs 14 and 15 were obtained by treating the aftershock seismograms as empirical Green's functions, and convolving them with theoretical far-field waveforms for an appropriate U radiation direction (i.e. one appropriate for the sSdS arrivals in question) for Model 2C, and for a variant of Model 3A (Model 3B consisting of regions lb, 2b and 3b in Table 3 ), in which the source origin time for region 3a has been delayed by a further 0.15 s. Results in the second column show that (as is to be expected from the lack of any high-frequency contributions having significant delay following onset of the composite waveform in Fig. 12 ) convolution with the waveform for Model 2C does not produce any additional high-frequency arrivals at times differing from those in the empirical Green's functions. On the other hand, as a result of the addition of region 3b, arrivals at (very nearly) the times of the observed arrivals A, B, C and D in the main shock are produced in Model 3B. These arrivals are, moreover, among the most energetic high-frequency arrivals in the synthetics, as is the case in the OTT Velocity (Filtered 1 -4 observed main-shock traces. We interpret these results as quite strong independent evidence for the existence of a third distinct rupture episode of the kind we have assumed.
(3) Low-frequency shape of the observed displacemen1 waveform at GRQ
The assumed geometry and origin time of the proposed third rupture episode has an inevitable effect on the pulse waveform observed at station GRQ, and some adjustments from the circumstances assumed so far are necessary in order to fit details of the observed waveform at this station. All of the pertinent data (i.e. the observed spectral amplitudes, the highfrequency pulse arrivals just discussed, and the observed pulse waveform at GRQ) are satisfied, however, by a modification of Model 3B (designated as Model 3C in Table 4 ).
In order to fit all of the data mentioned above simultaneously, it was found necessary to adopt a different rupture origin 0 3 for the third rupture episode than that used for the other two regions.
The slip inside region 1 is the same as that in Model 2C discussed above. The next region to slip is region 3 (not 2): the slip in this region is defined in the same way as for region 1, except that for points inside the overlapping region (i.e. of 1 and 3), the slip contributions from region 3 are disregarded until its slip exceeds the (final) value attained in the first slip episode. (The slip contributions from region 3 at points where regions 1 and 3 overlap is thus taken to be only the additional slip from the final slip attained in the first region.) Because of the overlap of regions 2 and 3 in Model 3C and the sequence in which the ruptures occur, the seismic moment of region 2 is slightly reduced from its previous value, but the reduction is small and of no practical consequence.
The final preferred model (3C) thus consists of three separate rupture episodes, as illustrated in Fig. 16 . The first is a simple rupture propagating radially outwards throughout the elliptical region 1. Subsequently (starting at a time 0.3 s later), a second simple rupture starts (from the origin 0 3 near the perimeter of region 1) and this extends the rupture existing in region 1 throughout region 3 (with some 'tapering' of slip into the previously ruptured area). Finally, with a relative delay of 0.4 s with respect to the original rupture, the rupture extends into region 2. The fit of the synthetic displacement waveform with the data for the final model (Fig. 17) is considerably improved for station GRQ, as compared with that for Model 2B (Fig. lo) , in respect of the relatively abrupt increase in the observed pulse amplitude starting about 0.15 s after the pulse onset. This provides further strong independent evidence for the inferred existence of a third distinct rupture episode. It should be noted that the relative timings of the three rupture episodes (Table 4) have been determined specifically to fit the available waveform data at stations GRQ and OTT. The fits of the spectral ratios for Model 3C with the data are practically identical to those shown in Fig. 13 (for Model 3B) at all stations.
SUMMARY
Both the spectral ratios (summarized in Fig. 4 ) and the observed and inferred bounds on pulse durations in the mainshock seismograms for TRQ and GRQ (Figs 5, 6 and 7 ) strongly constrain the geometry and rupture characteristics of region I. Subject only to the assumption that the crack rupture speed is near 0.95/?, the observed displacement pulse duration at GRQ of about 0.6 s determines that the rupture must extend to a distance of about 1.1 km in directions more or less towards the southeast: the observed and inferred pulse durations at TRQ also determine that this first rupture episode cannot extend by much more than about 0.3 km in directions more or less towards the west (Fig. 7) . That the crack extends steadily without interruption through a distance of about 0.3 km in this latter direction is also strongly supported by the magnitude and duration of the smooth initial rise in the pulse amplitude at GRQ ( Fig. 10 ; assuming that the effective stress does not vary greatly throughout the area of region 1 of the fault).
Regardless of the possible existence of exceptionally high-stress-drop asperities, the first rupture episode cannot explain either the observed high-frequency spectral levels for stations having more or less westerly azimuths (Fig. 5) , nor the relatively short duration (high-frequency) amplitude peak at the back end of the observed displacement waveform at GRQ (Fig. 6) . The conclusion that a second independent rupture episode, involving predominantly rupture propagation more or less towards the northwest, and delayed relative to the first episode by about 0.4 s, therefore appears inescapable.
Although the reliability of successive inferences clearly diminishes with each successive complication introduced into the model, the above two episodes cannot adequately explain observations from stations having azimuths towards the south and southwest: the latter appear to demand one more distinct rupture episode extending the rupture area more or less towards these directions. The evidence for such a third distinct rupture episode is threefold: first, a rupture propagating for a considerable distance in this direction appears necessary to explain the spectral slopes and the high-frequency spectral levels observed at stations OTT and WEO; second, such a rupture starting approximately 0.3 s after the onset of the first rupture appears necessary to explain the existence of the highfrequency arrivals in the main shock seismogram for station OTT at times A, B, C and D (Fig. 15) ; and, finally, the abrupt increase in gradient of the observed displacement waveform at station GRQ, starting about 0.15 s after the onset of the waveform, is clear evidence of a corresponding abrupt increase in the rate of seismic moment release starting at this time. The latter evidently requires either: (1) a corresponding abrupt increase in thejnal slip as a function of position inside the first rupture region; or (2) an abrupt change in the geometry of the rupture. As the second of these possibilities is also supported by other data, it must be regarded as the more probable.
DISCUSSION
In addition to the three episodes modelled above, Adams (1990) found that the main shock was preceded by a small foreshock (mbL, 3.3) occuring approximately 0.15 s before the origin time of the first major rupture episode (region 1) of this paper. The existence of at least four separate and distinct rupture episodes in the Mont-Laurier main shock is therefore strongly indicated by the data.
Similar episodic source ruptures have also been inferred from observed strong-motion data for the magnitude mbL, 6.5 Saguenay earthquake of 1988 November 25 (Haddon 1995) and several other earthquakes, including the mbLg 4.8 Saguenay foreshock and the mbL, 4.3 1993 Napierville mainshock (Haddon, unpublished data) , suggesting that such ruptures are common (if not usual) in ENA. Such episodic ruptures are fully plausible, in that the slip associated with each individual episode is consistent with fundamental elastodynamic principles. Moreover, it is apparent that, even if a rupture were to initially propagate uniformly outwards from its starting point, the crack would eventually first stop on one side or the other of the crack origin. By causality, the advancement of the crack tip could not be affected by the stopping on the opposite side, at least not until overtaken by a 'stopping' signal generated by the original stopping, and propagating at seismic speeds. At least in some cases (e.g. anti-plane ruptures) the relevant seismic speed cannot exceed the S-wave speed for the medium. Therefore, were it not for continuous and ongoing dynamic redistribution of stress (resulting from the slip throughout the entire fault area), the distances advanced by the crack tip from its starting point before stopping, in opposite directions, would be essentially independent of one another (controlled only by the original stress distribution and the local physical properties of the medium). Because of heterogeneties, all ruptures in the real Earth would therefore be expected to be intrinsically highly asymmetrical, just as has been inferred for the Mont-Laurier (this paper) and the Saguenay (Haddon 1995) main shocks (as well as several smaller earthquakes, as mentioned above). The occurence of successive rupture episodes would alter the overall stress distribution throughout all parts of the fault. Reactivation of a stopped rupture, in the form of one or more new distinct episodes, should therefore be expected when the stress redistribution results in local stresses that become sufficiently large.
CONCLUSIONS
The results in this paper show that the high corner frequencies and associated strong high-frequency ground motions observed for the Mont-Laurier earthquake of 1990 October 19 are simple consequences of asymmetrical source geometry, and not exceptionally high effective stress or stress drop. The detailed results establish that the effective rupture stresses were normal (i.e. about 100 bars), definitely not abnormally high. The average slip duration over all of the individualpoints of the fault was probably less than about 0.1 s, and the final overall slip distribution throughout the final fault area therefore corresponds to circumstances described by Brune (1970) as 'fractional' stress drop.
The entire rupture process involved at least four distinct rupture episodes, each successively extending the fault rupture area. The first rupture episode was a small foreshock triggering three much larger distinct episodes: the second (and largest) ruptured an asymmetrical area strongly elongated towards the east-southeast; the next, starting approximately 0.3 s later, extended the rupture more or less towards the south; finally, the last, starting approximately 0.1 s later still, extended the rupture area towards the west-northwest. The four distinct episodes contributed (respectively) about 0.5, 60,20 and 20 per cent of the total seismic moment release of the source. Such episodes would usually be undetectable with teleseismic data for M < 6, but are resolvable, using our method, with regional data.
The success of episodic rupture models in explaining detailed observed waveform and spectral characteristics for the Mont-Laurier and Saguenay main shocks, as well as for several other ENA earthquakes that one of us (RH) has investigated,
